To determine the associations between body composition at baseline and knee cartilage loss over 2.9 years in older adults. METHODS: A total of 395 randomly selected subjects (mean 62 years, range 51-81, 50% female) were studied at baseline and 2.9 years later. T1-weighted fat-suppressed magnetic resonance imaging of the right knee was performed to determine knee cartilage volume and tibial bone area at baseline and follow-up. Height, weight and radiographic osteoarthritis were measured by standard protocols at baseline. Fat mass and lean mass were measured by dual-energy X-ray absorptiometry at baseline. RESULTS: Tibial cartilage volume decreased by 2.0-2.7% per annum. In multivariable analysis, annual change in medial cartilage volume was negatively and significantly associated with body mass index (b: À 0.14% per kg m Change in lateral tibial cartilage volume was also significantly associated with percentage total body fat (b: À 0.11% per %, 95% CI: À 0.21%, À 0.001%) and total lean mass (b: 0.13% per kg, 95% CI: 0.04%, 0.22%). These were independent of sex and age even though both were also significant predictors. CONCLUSIONS: Body fat adversely affects tibial cartilage loss over time, whereas lean mass is protective. Strategies aimed at reducing body fat but increasing lean mass may reduce knee cartilage loss in older people.
INTRODUCTION
Osteoarthritis (OA) is a common chronic disease characterized by gradual loss of articular cartilage. It is well established that female sex, age and body mass index (BMI) are the major risk factors for knee OA. [1] [2] [3] [4] BMI is most strongly linked to knee OA (both symptoms and radiographic change), and risk for knee OA is increased almost 4-fold in obese women 5 and 4.8-fold in obese men. 6 There is a dose-response relationship between body weight and knee OA, 7 with risk for knee OA increasing by about 15% for each additional unit of BMI increase in people with BMI 427 kg m À 2 . 6 Weight loss in obese patients with knee OA can improve knee pain and function, and decrease low-grade inflammation and cartilage turnover. 8 Magnetic resonance imaging (MRI) can visualize joint structure directly, and is recognized as a valid, accurate and reproducible tool to measure knee structural changes, including articular cartilage loss. 9, 10 Cartilage loss over time has been predicted by some OA risk factors, such as age 4 and female sex 4 in younger and middle-aged community-based adults; however, the associations between BMI and knee cartilage loss have so far been inconsistent, with there being no association with loss of tibial cartilage volume, 11 significant association with loss of patellar cartilage volume, 12 or only a significant association with loss of tibial cartilage volume in those having greater baseline cartilage volume at baseline. 13 These are in stark contrast to the consistent and significant associations between BMI and cartilage defects, 2, 14 and may reflect the inability of cartilage volume assessment to differentiate swollen from normal cartilage at an early stage of OA, or may be due to BMI not being able to fully discriminate adipose from non-adipose mass that may have different effects on cartilage. 15, 16 Studies have suggested that lean muscle mass may protect against knee cartilage loss, but the associations between body fat mass and knee cartilage loss are uncertain. 15, 16 The aim of this longitudinal MRI-based study, therefore, was to determine if body composition is associated with knee cartilage loss in older adults.
MATERIALS AND METHODS Subjects
This study (the Tasmanian Older Adult Cohort Study) is a prospective, population-based study in 1100 subjects aimed at identifying the environmental, genetic and biochemical factors associated with the development and progression of OA and osteoporosis (the overall response rate was 57% at baseline and 82% for follow-up). Baseline measures were conducted from April 2002 to September 2004, and the first follow-up was from September 2004 to February 2007. Subjects (98% Caucasians) between the ages 50 and 80 years were selected randomly using computer-generated random numbers from the roll of electors in Southern Tasmania (population 229 000), a comprehensive population listing, with an equal number of men and women. Institutionalized persons and subjects with contraindication to MRI (including metal sutures, presence of shrapnel, iron filings in the eye and claustrophobia) were excluded. The study was approved by the Southern Tasmanian Health and Medical Human Research Ethics Committee, and written informed consent was obtained from all participants. Self-report of disease status, such as rheumatoid arthritis, asthma, cardiovascular disease and diabetes, was recorded by a questionnaire.
Anthropometrics
At baseline, weight was measured to the nearest 0.1 kg (with shoes, socks and bulky clothing removed) using a single pair of electronic scales (Seca Delta Model 707, Seca, Birmingham, UK), calibrated using a known weight at the beginning of each clinic. Height was measured to the nearest 0.1 cm (with shoes and socks removed) using a stadiometer. BMI (kg m À 2 ) was also calculated.
Fat mass and lean mass (both in kg) were measured by a Hologic dual X-ray absorptiometry scanner (Hologic Corp., Waltham, MA, USA) at baseline. Percentage total body fat mass, trunk fat mass or total lean mass is the ratio of total body fat mass, trunk fat mass or total lean mass, respectively, divided by total body or trunk mass (that is, the sum of fat mass, lean mass and bone mass).
Radiographic OA At baseline, a standing anteroposterior semiflexed view of the right and left knee with 151 of fixed knee flexion was performed in all subjects at baseline, and scored individually for osteophytes and joint space narrowing on a scale of 0-3 (0 ¼ normal and 3 ¼ severe), according to the Altman atlas as previously described. 17 The total radiographic OA (ROA) scores in medial and lateral tibiofemoral compartments were computed by summing the osteophyte and joint space narrowing scores. The presence of ROA was defined as any score of X1.
18
Knee cartilage volume measurement MRI scans of the right knees were performed at baseline and follow-up. The knees were then imaged in the sagittal plane on a 1.5-T whole-body magnetic resonance unit (Picker, Cleveland, OH, USA) with the use of a commercial transmit-receive extremity coil. The following image sequence was used: a T1-weighted fat saturation 3D gradient recall acquisition in the steady state; flip angle 551; repetition time 58 ms; echo time 12 ms; field of view 16 cm; 60 partitions; 512 Â 512 matrix; acquisition time 11 min 56 s; one acquisition. Sagittal images were obtained at a partition thickness of 1.5 mm and an in-plane resolution of 0.31 Â 0.31 (512 Â 512 pixels). Knee cartilage volume was determined by means of image processing on an independent workstation using the software programme Osiris (University of Geneva) by a single observer, as previously described. 10, 19 The volumes of individual cartilage plates (medial tibial and lateral tibial) were isolated from the total volume by manually drawing disarticulation contours around the cartilage boundaries on a section by section basis. These data were then resampled by means of bilinear and cubic interpolation (area of 312 Â 312 mm 2 and 1.5 mm thickness, continuous sections) for the final 3D rendering. Measurements made using this method have high intraobserver reproducibility. The coefficient of variation for cartilage volume measurements was 2.1% for medial tibial and 2.2% for lateral tibial cartilage. 19 Knee bone size measurement Knee tibial plateau bone areas were determined by means of image processing in an independent work station using Osiris, as previously described. 18 The bone area of the medial and lateral tibial plateau were directly measured from the reformatted axial images. The coefficients of variation for these measurements in our hands are 2.2-2.6%. 17 
Data analysis
Rates of change in cartilage volume were calculated as: percentage change per annum ¼ (100 Â ((follow-up cartilage volume À baseline cartilage volume)/baseline cartilage volume)/time between two scans (in years)).
Linear regression analysis was used to examine the associations between annual percentage change in cartilage volume and BMI before and after adjustment for age, sex, ROA and tibial bone area. The associations between annual percentage change in cartilage volume and percentage total body fat (or trunk fat or total lean mass) were analyzed by adjusting for the above factors and height. Standard diagnostic checks of model fit and residuals were routinely made, and data points with large residuals and/or high influence were investigated for data errors.
Interactions between sex and other covariates (such as BMI, body fat and lean mass) were investigated by regressing the change in cartilage volume on a binary (0/1) term for sex within a coviariate, and assessed by testing the statistical significance of the coefficient of a (sex Â a covariate score) product term.
A P-value o0.05 (two-tailed) or a 95% confidence interval not including the null point was regarded as statistically significant. All statistical analyses were performed on SPSS version 12.0 (Chicago, IL) for Windows.
RESULTS
A total of 1100 subjects (51% female) aged between 51 and 81 (mean 62 years) participated in the Tasmanian older adult cohort study. Over 2.9 years, 271 subjects were lost to follow-up because: 122 subjects had no MRI at baseline (including 28 subjects who were excluded due to contraindication to MRI), 28 subjects were deceased, 20 subjects moved to other states or overseas, 15 subjects had joint replacement, 28 subjects were physically unable, others refused, or no reasons. 20 In 829 subjects (85% of those originally studied) who completed the study, the first 395 subjects had the second MRI scan, but the others did not because the local MRI machine was updated and became unavailable for research purposes. There were no significant differences in demographic factors and knee cartilage volume between the subjects who had and who did not have the second MRI scan. There were 55% subjects who had radiographic changes (joint space narrowing or osteophytes score of X1) in the right knee. Over 2.9 years, tibial cartilage volume decreased on average by 2.3% per year (medial tibial, 2.7%; lateral tibial 2.0%, Po0.001). Characteristics of the subjects are presented in Table 1 . Participants with greater loss of tibial cartilage volume (4mean) had greater BMI, total body fat, trunk fat, total lean mass and tibial bone area than those with lesser loss of tibial cartilage volume (pmean).
In unadjusted analyses, change in medial tibial cartilage volume was associated with age, and change in lateral tibial cartilage volume was associated with sex (Table 2) . After adjustment for the covariates listed (sex or age, as well as BMI, ROA and baseline bone size), the significance of the associations remained unchanged, and the association between sex and medial tibial cartilage volume change became significant (Table 2) .
In unadjusted analyses, baseline BMI was significantly associated with change in medial tibial cartilage volume ( Figure 1 , Table 2 ) but not with change in lateral tibial cartilage volume ( Table 2 ). The association between BMI and change in medial tibial cartilage volume remained significant after adjustment for age, sex, ROA and baseline bone size (Table 2) . When males and females were analyzed separately, BMI was not significantly associated with change in medial tibial cartilage volume in unadjusted analyses ( Figure 1) ; however, the association between BMI and change in medial tibial cartilage volume became significant in adjusted analyses (Table 3) .
For baseline body fat measures, total body fat mass was negatively associated with change in medial tibial cartilage volume, and percentage body fat was negatively associated with change in lateral tibial cartilage volume in unadjusted analyses (Table 2) . After adjustment for height, age, sex, ROA and baseline bone size, these two associations remained significant, and the associations between percentage total body fat, trunk fat mass and percentage trunk fat, and change in medial tibial cartilage volume became significant (Table 2) . When males and females were analyzed separately, effect sizes between body fat measures and change in tibial cartilage volume did not decrease, but the P-values weakened. Percentage total body fat was still significantly associated with change in medial tibial cartilage volume in both males and females (Figure 2a and Table 3 ), and total body fat and trunk fat were significantly associated with change in medial tibial cartilage volume in females (Table 3) .
For baseline lean mass measures, total lean mass was negatively associated with change in medial tibial cartilage volume in unadjusted analyses, but became non-significant after adjustment for the above covariates; in contrast, percentage total lean mass was not associated with change in medial tibial cartilage volume in unadjusted analyses, but became positive and significant after adjustment (Table 3) . Total lean mass and percentage total lean mass were both associated with change in lateral tibial cartilage volume in unadjusted analyses (Table 3 ). The association with total lean mass remained significant, and the association with percentage total lean mass became of borderline significance in multivariate analyses (Table 3) . When males and females were analyzed separately, percentage total lean mass was significantly associated with change in medial tibial cartilage volume in both males and females (Figure 2b, Table 3 ), and total lean mass was associated with change in lateral tibial cartilage volume in males (Table 3) .
There were no statistically significant interactions between sex and independent variables on change in tibial cartilage volume (all P40.05 for the interactions, data not shown). There were no significant associations for interactions between age and body fat measures on cartilage loss (all P40.20), so the associations did not vary with age. Similarly, there were no significant interactions between obesity status and lean mass, or between fat mass and lean mass on cartilage loss (all P40.63); so obesity status or fat mass does not affect the associations between lean mass and cartilage loss. The results remained largely unchanged after further adjustment for disease status, including rheumatoid arthritis, cardiovascular diseases, asthma and diabetes, or separate disease, was excluded from analysis (data not shown). Abbreviations: CI, confidence interval; F, female; M, male; pa, per annum. Bold denotes statistically significant result (Po0.05). P-value shown were for multivariable analysis.
a Adjusted for age, sex, body mass index (BMI) (except for the factor itself, e.g., the association with age was adjusted for factors excluding age), as well as radiographic osteoarthritis and baseline bone size. Regressions for fat and lean measures were adjusted for height rather than BMI. 
DISCUSSION
This longitudinal study has demonstrated that increased BMI at baseline is associated with greater loss of tibial cartilage volume over 2.9 years in older adults. This study is the first to show that body fat mass and lean mass at baseline have opposing effects on cartilage, with body fat being detrimental and lean mass being protective against cartilage loss. In this study we found that medial and lateral tibial cartilage volume decreased by 2.7% and 2.0%, respectively, per annum in older adults. These values are slightly higher than those (2.5% for medial tibial and 1.5% for lateral tibial cartilage loss) in young to middle-aged people with an average age of 45 years. 4 Tibial cartilage volume loss was significantly associated with female sex and/or age, which is consistent with the findings in a younger population. 4 Studies have reported inconsistent associations between BMI and knee cartilage loss. BMI was not associated with knee cartilage volume in a cross-sectional study. 2 Longitudinally, higher BMI was associated with greater patellar cartilage loss over 2 years in 110 subjects with OA, 12 and predicted a faster progression of global cartilage volume loss over 2 years in 107 subjects with knee OA; 21 however, it was not associated with tibial cartilage loss in OA 11 and healthy 22, 23 subjects. These inconsistent results may reflect variations in study design, sample sizes, stage of disease and/or the inability of cartilage volume assessment to differentiate swollen from normal cartilage at early stages. Indeed, we previously reported that BMI was not associated with tibial cartilage loss over 2 years in a younger population; however, higher BMI did predict greater tibial cartilage loss over time in subjects with increased baseline cartilage volume, which may be due to cartilage swelling in early disease. 13 In the current study we found that BMI was significantly associated with medial tibial but not lateral tibial cartilage loss in older adults, suggesting that BMI may be more important for medial tibial cartilage loss in an elderly population where cartilage health may be less optimal.
As a surrogate of obesity, BMI cannot differentiate lean mass from adipose tissue. Although BMI-defined obesity showed high specificity (95% of men and 99% of women), it demonstrated poor sensitivity (36% of men and 49% of women) for body fat percentage-defined obesity. 24 Lean mass and adipose tissue may have different effects on cartilage. Indeed, Cicuttini et al. 15 reported that while body fat (assessed by dual X-ray absorptiometry) was not an independent risk factor for medial or lateral tibial cartilage loss, lean mass (legs, limbs and total body) was significantly associated with reduced loss of tibial cartilage volume in 86 healthy and middle-aged subjects. Using bioelectrical impedance analysis to measure body fat, Wang et al. 25 reported that fat-free mass measured 10 years earlier and current fat-free mass were associated with increased tibial cartilage volume in healthy community-based adults. Fat-free mass measured 10 years earlier was not associated with tibial cartilage volume, but current fat-free mass was associated with reduced tibial cartilage volume. This study was cross-sectional in nature. Recently, Teichtahl et al. 26 reported that fat mass and percentage fat mass were associated with an increased rate of patellar cartilage volume loss over 2 years, and this was only significant in women, not in men. The association between fat mass and tibial cartilage loss is unknown.
In the current study, we reported that in the community-based older adults, all body fat measures, including total body fat mass, percentage total fat mass, trunk fat mass and percentage trunk fat mass, were associated with increased cartilage loss at the medial Table 3 . Associations between body composition and percentage annual change in knee cartilage volume stratified by sex Abbreviation: pa, per annum. Bold denotes statistically significant result. *Adjusted for age, body mass index (BMI), cartilage defects, radiographic osteoarthritis (except for the factor itself; e.g., the association with BMI was adjusted for factors excluding BMI), as well as baseline bone size. Regressions for fat and lean measures were adjusted for height rather than BMI. ) older adults had more loss of medial tibial cartilage volume than those with normal weight (BMI o25 kg m À 2 ) in the whole sample. The P-values were for test of trend. tibial site; in contrast, percentage total lean mass was associated with reduced cartilage loss at this site over 2.9 years. At the lateral tibial site, although we did not find the significant association between BMI and cartilage loss, percentage total body fat was associated with increased cartilage loss and total lean mass was associated with reduced cartilage loss over 2.9 years. These associations were more consistent in women and for medial tibial cartilage loss. Our results suggest that body fat and lean mass have opposite effects on cartilage, with body fat being positively and lean mass being negatively associated with tibial cartilage loss. Body fat was better than BMI in predicting tibial cartilage loss, particularly at the lateral tibial site. This study provides evidence that body composition measures, rather than BMI, are required for future observational or interventional studies in determining the effects of obesity or weight loss on OA.
The strengths of the present study lie in the MRI measurement of cartilage and the dual X-ray absorptiometry measurements of body composition, which allowed us to assess body fat and lean mass separately. Our study has also several potential limitations. First, we had knee MRI scans in 978 subjects at baseline, but only 395 subjects at follow-up owing to loss of the MRI scanner. This may leave the possibility open for selection bias; however, there were no differences between those studied and those lost to follow-up, and the sample size was sufficient to detect significant associations between body composition and changes in cartilage volume. Second, the sample contained subjects with some diseases, but the results were largely unchanged when the analyses were adjusted for disease status or these subjects were excluded. Third, measurement error may influence the results. However, all measures were highly reproducible, suggesting that this is unlikely. Lastly, we aimed to determine if body fat/lean mass can predict change in cartilage volume, and not to determine if changes in body composition were associated with change in cartilage volume; so the associations between change in body composition and change in cartilage were not investigated.
CONCLUSION
Body fat adversely affects tibial cartilage loss over time, whereas lean mass is protective. Strategies aimed at reducing body fat but increasing lean mass may reduce knee cartilage loss in older people. Figure 2 . Associations between total body fat, total lean mass and change in medial tibial cartilage volume over 2.9 years in unadjusted analyses. (a) Total body fat mass was negatively associated with change in medial tibial cartilage volume in both males and females, and (b) total body lean mass was positively associated with change in medial tibial cartilage volume in both males and females.
